Purpose: Amplitude of accommodation varies with race and ethnicity and Hofstetter's equations are commonly used in Nigeria to calculate expected amplitude of accommodation for clinical purposes. The aim of this study was to present normative values for amplitude of accommodation for Nigerian children and to compare the measured values with those calculated using Hofstetter's equations. Methods: A total of 688 children aged six to 16 years from three selected cities in Nigeria were included in the study. Push-up technique was employed to measure the amplitude of accommodation. The measured values were compared with the calculated values (Hofstetter's equations) using the paired t-test and Bland and Altman plots. The t-test indicated a significant difference between the measured and calculated minimum, average and maximum amplitudes of accommodation (p < 0.0001). Also, the Bland-Altman plot suggested that there was a lack of agreement between the measured and calculated amplitudes of accommodation.
Accommodation is the capacity of the human visual system to alter the curvature of the crystalline lens to view objects at a finite distance from the eye. [1] [2] [3] The maximum accommodation that an individual is capable of exerting is termed amplitude of accommodation (AA) and is usually measured as the dioptric equivalent of the nearest distance to the eye that objects can be seen singly and distinctly. It has been widely documented that AA declines with age. Measurement of AA is one of the clinical parameters measured to determine the presence or absence of accommodative anomalies. Measured AA is usually compared with age-expected norms to arrive at this conclusion. Clinically, the expected AA for an individual is based on the equations derived by Hofstetter in 1950. Hofstetter 4 reviewed AA values of Donders 5 and Duane 6 and derived three equations for determining the minimum, average and maximum expected AA for an individual given the age in years. The three Hofstetter's equations 4 are:
Minimum AA = 15 -0:25 × age;
Average AA = 18:5 -0:3 × age;
Maximum AA = 25 -0:4 × age:
These values are usually compared with measured AA in deciding whether or not a child has accommodative insufficiency.
Several authors have raised concerns about using values obtained from Hofstetter's equations as a reference, especially in children. For example, the reliability of these values was questioned by Turner 7 and Wold 8 on the basis that just 35 out of the 1,000 subjects reported by Duane were children. Therefore, the equations derived from them may not be sufficiently valid for predicting the AA for children. Also, Sterner, Gellerstradt and Sjöström 9 remarked that the studies, upon which Hofstetter based his equations were lacking in scientific approach. According to the authors, 9 Duane did not specify the inclusion and exclusion criteria in his study; neither was there a description of the gender distribution. There was also no description of the methods employed. The population from which Hofstetter's equations were derived were Caucasians and this has also been a drawback in using the equations for other races. Studies 9-14 have demonstrated variation in AA for different ethnic populations. These authors found that measured AA in their respective studies differed from expected values calculated using Hofstetter's equations.
The present study is designed to determine the AA in Nigerian children aged six to 16 years and to compare the measured AA with calculated values using Hofstetter's equations. The outcome of the study will serve as a more realistic guide to evaluating the AA in Nigerian children.
METHODS

Study subjects
The study subjects were children drawn randomly from three locations selected from three of the six geopolitical zones in Nigeria: Benin City (south-south zone), Ibadan (south-west zone) and Keffi (northcentral zone). Children were randomly selected from schools and eye clinics in the selected cities.
Examination and procedure
The children from the schools were examined in the eye clinics, where they were screened for refractive errors and other ocular anomalies. Objective refraction using the retinoscope was used to rule out those who have refractive errors. Those without refractive errors or with AE 0.25 D of spherical ametropia or ocular diseases were recruited for the study.
Following an eye examination, which included visual acuity testing using the Snellen Tumbling E chart, ocular health examination with penlight and direct ophthalmoscope, those who qualified as per the inclusion criteria had their AA measured using the Donder's push-up technique. The target used was the 6/9.5 print of the Good-Lite logarithmic near visual acuity chart. While the subject reads the paragraph, the chart is slowly brought toward the patient. The child reports the first sustained blur ('the point where the prints are no longer clear'). To ensure that the child understands the concept of blur, before the commencement of the measurement, the blur is demonstrated by bringing the chart close to the child at a distance where the child says the chart cannot be read. The point where the child reports the blur is measured from the spectacle plane using a metre rule and converted to dioptres. Three measurements were taken and the average of the three measurements was recorded as the AA for each eye. In some cases, when a child was still able to read the print when it was very close to the eye, a minus lens was placed in front of the eye before performing the push-up technique. 9 The dioptric power of the minus lens was added to the measured AA. The AA was measured monocularly in the right eye of each subject.
Ethical considerations
Ethics approval to conduct the study was obtained from the Biomedical Research Ethics Committee (BREC), University of KwaZulu-Natal, South Africa, the Ethics Committee, University of Benin, Nigeria and the Health Research Ethics Committee (HREC), Federal Medical Center, Keffi. Also, institutional approval was obtained from the University College Hospital, Ibadan. Further permission to conduct the study was obtained from the head of each school where the children were recruited. School heads gave consent for the children after the information sheet for the study was given to them. Also, each child was informed about the purpose and method of the study and was told that they could elect not to participate in the study or withdraw at any stage of the study. They were further informed that participating in the study or not will not affect their education and participating would not pose any significant risk to their eyes. Subsequently, verbal assent was obtained from each child who participated. The study was conducted in accordance with the Declarations of Helsinki on ethical principles for medical research involving human subjects.
Data analysis
The mean AA with 95 per cent confidence intervals was calculated using the descriptive statistics of the SPSS version 21 (SPSS Inc., Chicago, Illinois, USA) and recorded as mean and standard deviation. The minimum and maximum AAs were taken as the lowest and highest measured AA for subjects of the same age. The difference between the measured AA and that expected as predicted by Hofstetter's equations was tested by Student's paired t-test. The agreement between the measured and predicted AA was assessed using BlandAltman plots. 15 The relationship between age and AA was analysed using Pearson's correlation coefficient as well as the regression analysis. The level of statistical significance was set at five per cent.
RESULTS
Included in this study was a total of 688 children aged between six to 16 years, who met the inclusion criteria. They comprised 301 (43.8 per cent) male and 387 (56.2 per cent) female subjects. Their mean age was 11.6 AE 2.2 years (95 per cent CI = 11.4 to 11.8 years). The mean age of the male subjects was 11.7 AE 2.4 years (95 per cent CI = 11.4 to 11.9 years) while that of the female subjects was 11.6 AE 2.1 years (95 per cent CI = 11.4 to 11.8 years). There were no significant differences in the mean ages of the subjects from the three study sites, as indicated by the analysis of variance (p = 0.189). The ages of the subjects were not normally distributed as shown by the Shapiro-Wilk W test for normality (W = 0.966, p < 0.0001). There was no significant difference between the mean ages of the male and female subjects (p = 0.891). Table 1 shows the age and sex distribution of the subjects.
The measured AA of the subjects ranged from 8.00 to 25 . The independent t-test showed that there was no significant difference between the AA of the male and female subjects (p = 0.087). Table 2 shows the distribution of the mean AA, 95 per cent CIs, minimum and maximum AA by age. The mean AA showed the characteristic decline with age. The plot of the means as a function of age ( Figure 1) shows that AA declined from 23.56 D at age six years to 12.54 D at age 16 years. This represented a 47 per cent decrease in the AA for the age range. The minimum AA ranged from 22.00 to 8.00 D. Similarly, the maximum AA ranged from 25.00 to 16.50 D.
There was a moderate negative correlation between the measured AA and age (Pearson correlation coefficient, r = −0.473, p < 0.0001); however, there was a strong negative correlation between the mean AA (calculated for each age group) and age (Pearson correlation coefficient, r = −0.937, p < 0.0001).
The mean and range of the minimum, average and maximum predicted (calculated) AA obtained using Hofstetter's equations are presented in Table 3 .
Comparison with Hofstetter's predicted AA
The measured mean AA was 15.89 AE 3.46 D. The measured minimum, average and maximum AA and the calculated minimum, average and maximum as predicted by Hofstetter's equation for each age are presented in Table 4 .
The mean difference between the measured minimum and calculated minimum amplitudes of accommodation was −2.47 D (95 per cent CI = −2.58 to 2.35); the mean difference between the measured and calculated average amplitudes was 1.26 D (95 per cent CI = 1.34 to 1.18), while the mean difference between the measured and calculated maximum amplitudes was 2.16 D (95 per cent CI = 2.00 to 2.31 D). These differences were significant (p < 0.0001). The scatter plot of the AAs as a function of age is shown in Figure 2 The respective coefficients of determination (R 2 ) for each of the equations were 0.878, 0.236 and 0.124. Figure 3 shows the Bland-Altman plots for the agreement between the measured and calculated average AA using Hofstetter's equations.
The measured average amplitude was also 1.6 D greater than the calculated average with a limit of agreement ranging from −0.89 to 3.39 D.
DISCUSSION
Various studies have investigated AA in children and adults. Direct comparison among these studies and the present study Figure 1 . Plot of the mean amplitude of accommodation as a function of age
Amplitude of accommodation in Nigerian children aged six to 16 years Ovenseri-Ogbomo and Oduntan
is difficult because of the differences, such as ages of subjects studied, methods of measuring AA, targets used for measuring amplitude and populations studied as shown in Table 5 . A summary of some of the previous studies of AA and the present study is presented in Table 5 ; however, there is a consensus that variation exists in the AA for different population groups. 9, [11] [12] [13] [14] 16, 19 While these differences may be due in part to ethnic variations in AA, they may also be attributed to methodological differences, including measurement techniques, differences in sample size, target size, criteria for endpoints, variation in illumination, children's lack of understanding of the blur and the voluntary effort to clear the first blur, among other factors. The push-up method was used in this study because this is the common method employed by optometrists in Nigeria. More importantly, variations in AA for different populations may be related to geographic factors, including position relative to the equator and environmental temperature. [21] [22] [23] Following the observation that presbyopia develops earlier in people who live closer to the equator (tropics) compared to those who live further away (temperate regions), Miranda 21 investigated this claim and concluded that presbyopia occurs earlier where there is more sunlight 'when concomitant with correspondingly high average temperatures'. As presbyopia is a manifestation of loss of accommodation, the variation in time of onset of presbyopia reported by Miranda might as well relate to either a variation in AA or the cumulative effect of sunlight and high average temperatures; however, it is not established whether this is the case in children. Weale 23 demonstrated that ambient temperature rather than geographical location was more significant in determining the age at onset of presbyopia.
If the above propositions are actually the case, the following can be inferred: first, populations which live where there is more sun, with corresponding high temperatures would have lower initial AA for presbyopia to develop earlier. Alternatively, such populations may have high initial AA but have a faster rate of decline of AA with age.
In the present study there was a higher initial AA at age six years with a faster rate of decline in AA compared to what was calculated using Hofstetter's equation.
From this study, it can be concluded that AA for Nigerian children aged six to 16 years is different from the expected values using Hofstetter's equation for average AA. There was also a faster rate of decline in AA with age in the children (Figure 2 and Table 4 ). The equations derived from data in the present study will be more accurate in predicting the AA for Nigerian children than Hofstetter's equations.
Gender differences
There is no consensus in the literature on gender differences in AA. Slataper 24 found that AA declined more rapidly in females than in males. The present study is consistent with findings of previous authors, [6] [7] [8] [25] [26] [27] who reported no gender differences in AA, although OvenseriOgbomo and colleagues 13 reported that male subjects had higher AAs than females among Ghanaian school children. The authors rationalised that this difference might have been due to the greater proportion of male than female subjects in their study sample. Although other authors 11, 28, 29 reported that female subjects had higher AAs than male subjects, no recent study could be found in the literature supporting this claim. Anecdotal evidence suggesting that there is a sex difference in AA arose from the fact that there was a difference in the age of onset of presbyopia and the presbyopic near correction between males and females. In a meta-analysis of sex differences in presbyopia, Hickerbotham and colleagues 30 concluded that sex difference in presbyopia is not due to a sex difference in AA but related to differences in task performance and viewing distance, among other factors.
Decline of AA with age
In the present study, AA declined at a rate of 0.74 D per year. The rates of decrease in AA that have been reported in the 31 and 0.58 D per year. 13, 16 The linear rate of decline reported by the previous authors and the present study may not accurately describe the decrease in accommodation. Previous studies 8, 16, 32 have suggested that the rate of change in AA may not be linear. Wold 8 and Anderson and colleagues 32 suggested that accommodative amplitude, at least in children, follows a sigmoidal function. A critical assessment of the pattern of decrease in AA in this study shows that it was not quite linear; however, a sigmoidal function was not established. A slight increase in the mean AA was present at age 13 years compared to 12 years, as well as at age 16 years compared to 15 years ( Figure 1 ). Furthermore, in the present study, evidence suggesting non-linearity in the decrease of AA with age in children is a moderate negative correlation (−0.473) between AA and age and low R 2 value (0.224) in the linear regression model for these subjects; however, when the average AA was computed for each age of the subjects, the correlation coefficient, r, increased to 0.937 and R 2 = 0.878. Therefore, this study supports the view of those who suggest non-linearity in the yearly decrease in AA.
Comparison of measured and calculated AAs
The mean and the maximum values of the measured AA in the present study were higher than the calculated average values; however, the measured minimum AA was lower than the calculated minimum AA (Table 4) . These suggest that the measured values and calculated values differed and hence, the use of Hofstetter's equations for estimation of AAs for Nigerians should be done with caution. The need for equations specifically for Nigerian children for predicting AA, as was done in this study, was necessary. In the present study, the rate of decline in AA (measured) was greater than the predicted value using Hofstetter's equations. The differences between the measured and calculated AAs in this study may be due to the differences in ages and ethnicity between the present study population and Hofstetter's populations. BlandAltman's plot (Figure 3) shows that the measured average AAs were higher than the calculated value using Hofstetter's equation, indicating a lack of agreement between the measured and calculated AAs. Given that there is a lack of agreement between the measured and calculated AAs, it could be suggested that Hofstetter's equations cannot accurately predict the AAs for Nigerian children aged six to 16 years. This comparison may suffer certain inherent limitations. All the subjects in the present study were children aged six to 16 years, while the data from which Hofstetter's equations were derived consisted of both children and adults. Given the drawback in the use of Hofstetter's equations, the values and equations derived from the present study will more accurately predict the AAs among Nigerian children than Hofstetter's equations. When comparing values of AA from different studies, care must be taken to consider the methodological differences that may be present in each study, for example, the differences in target size and the criteria for estimating AA. In the present study, the child was to report when the print was no longer clear. The subjective interpretation of this point may have affected the measured AA in this study. When the point at which the subject is no longer able to read the print is used as the criterion for the end point, the measured AA will tend to be overestimated relative to when the 'print is not clear' is used. Furthermore, the ability to judge blur, which is the subjective criterion for the measurement of AA, varies from one individual to another, particularly in children. To address this drawback, blur was demonstrated to the child before the AA was measured.
A further implication of the findings from this study and previous studies comparing AA for children with expected findings using Hofstetter's equations, is that clinical judgement of accommodative insufficiency and excess using Hofstetter's equation may need to be reconsidered in view of the discrepancy between measured and calculated AAs, especially in children. The values presented in this paper will be more typical of Nigerian children aged six to 16 years than those predicted using Hofstetter's equations.
CONCLUSIONS
In the present study, the AA for Nigerian children aged six to 16 years ranged from 8.00 to 25.00 D with a mean of 15.88 AE 3.46 D (95 per cent CI = 15.62 to 16.14 D). Both male and female children had similar mean AAs. Consistent with already established fact, AA declines with age, although this decline may not be entirely linear. From the study, it can be concluded that AA for Nigerian children aged six to 16 years is different from predicted or expected values using Hofstetter's equations for AA. There is also a faster rate of decline in AA in the children in this study. From the results presented in this study, it can be concluded that the equations derived from the present study will be more valid for predicting AAs for Nigerian children than Hofstetter's equations.
